Low-frequency harmonics in inlet flow rate play a crucial role in inducing flow instabilities in terminal cerebral aneurysms
both in vitro and in vivo. Ferguson (1970) recorded the presence of bruits (audible sound implied the high frequency instabilities) with a phonocatheter from the sacs of 10 out of 17 intracranial aneurysms during surgery. The average predominant frequency was 460 Hz±130 across the ten aneurysms. The author postulated that the disturbed blood flow within an aneurysm might lead to the degeneration of the wall causing continuing progression and eventual rupture. Steiger and Reulen (1986) observed distinct flow instabilities on cerebral saccular aneurysms in six of 12 patients with intra-operative Doppler recordings with the low frequency vibrations over a range between 5-20 Hz. Concomitant studies on glass model aneurysms also showed the presence of flow instabilities in terminal aneurysms at a Reynolds number of 300. All flow instabilities were detected during the flow decelerations at late systole; however, high frequency fluctuations were not observed either in human aneurysms or in the glass models. Baek et al. (2010) investigated the flow instabilities and oscillatory behavior of WSS on three patient specific saccular aneurysms of the internal carotid artery (ICA) with high-resolution numerical simulations. The results demonstrated the presence of flow instability during the decelerating systolic phase, which results in an oscillation in the range of 20-50 Hz. Significant spatial-temporal changes of WSS vectors were observed in the flow impingement due to the flow instabilities. They proposed that the oscillatory behavior of WSS vectors might play an important role in the formation of an aneurysm. Valen-Sendstad et al. (2011) studied the effects of turbulence in a patient-specific middle cerebral aneurysm (MCA) using ultra-high resolution direct numerical simulations (DNS). High-frequency velocity fluctuations ranged between 1-500Hz were detected, which suggests that turbulence could be present in MCA aneurysms. They proposed that the observed non-laminar behavior was due to the large volume of the aneurysm dome and breakdown of the inflow jet. Ford and Piomelli (2012) studied the flow instabilities using a series of four idealized basilar tip models and four patient specific terminal basilar tip aneurysms. High-frequency-fluctuations at approximately 120Hz and 112Hz were found in all four idealized models and two of the four patient specific models respectively. The authors postulated that the disturbed laminar flow existed in the terminal aneurysm of the basilar bifurcation and the high-frequency oscillations of WSS vectors might greatly affect the life cycle of the aneurysm. Yagi et al. (2013) carried out an experimental study in a patient-specific replica of cerebral model and found the low-and high-frequency fluctuations co-existing in the aneurysm model. The high-frequency-fluctuating WSS appeared at mid-systole but gradually disappeared during late diastole. Signs of fully developed turbulence were not found. They suggested that the assumption of treating the aneurysmal hemodynamics as a fully viscous laminar flow should be carefully considered.
Although much progress has been made on unveiling the association between the flow instability and the rupture indicator of aneurysms, unveiling the correlations of the flow instabilities with both geometries and inlet flow rate waveforms has been the main subject. It is still unclear how frequency harmonics in inlet flow rate waveforms influence the flow instabilities and hence wall shear stress (WSS) fluctuations in aneurysms. In this study, we aim at quantifying and unveiling the correlations between frequency harmonics in inlet flow rate waveforms and flow instabilities associated with typical terminal cerebral aneurysms. We perform a CFD modeling of aneurysm hemodynamics with anatomically realistic cerebral aneurysms and a physiologically realistic inlet flow rate waveform. To identify the harmonic frequency dependence of the inlet flow rate waveform on flow instability mechanisms, we decompose the waveform into Fourier series and carry out a power spectral density (PSD) analysis on the WSS fluctuations.
Methods

Image-based anatomic modeling
In this study, we analyze four terminal cerebral aneurysms as shown in Figure 1 . The target cerebral aneurysm A (ruptured, in a 50-year-old woman) and C (unruptured, in a 59-year-old woman) are located in the anterior communicating artery. Here the proximal part of the left anterior cerebral artery was small sufficiently to be neglected in this patient-specific model (hypoplastic or aplastic). The target cerebral aneurysm B (ruptured, in a 74-year-old woman) and D (unruptured, in a 65-year-old woman) are located in the middle cerebral artery. Three-dimensional images of the cerebral aneurysm A were obtained by means of three-dimensional digital subtraction angiography (3D-DSA, GE medical system) from Aomori Prefecture Hospital, while the other cerebral aneurysms were obtained from the open Aneurisk database (http://ecm2.mathcs.emory.edu/aneuriskweb). The register was approved by the local ethics committee and the informed consent was obtained for the use of imaging and clinical data from the involved patients. The patient-specific geometries of the cerebral aneurysm and vessels were extracted using the gradient-based level set segmentation algorithm from the open-source Vascular Modeling Toolkit (VMTK) (Antiga et al., 2008) . The reconstructed surface model was then smoothened by VMTK's Taubin filter. We included the important vessel geometry features as much as possible and created inlet and outlet conditions. Unstructured grids composed of tetrahedral and prism elements were generated with a minimum element size of 0.015 mm and maximum element size of 0.06 mm in ANSYS ICEM 15.0. The total numbers of elements ranged from 1.5 to 5 million elements in different aneurysm models. Three prism layers were used to solve near-wall regions. An analysis of mesh sensitivity was carried out to make sure the obtained simulation results are independent of grid refinement and time increment. 
Boundary conditions
For the inlet, typical flow rate waveform-based boundary conditions were given with a 1D hemodynamic model of the human cardiovascular system (Liang et al., 2009) . As shown in Figure 1 (e), an averaged flow rate of 1.86-2.79 ml/s was assumed at the inlet for model A and then scaled with vessel diameter for models B-D according to a general power law model assuming that flow rate scales with cross-sectional area (Valen-Sendstad et al., 2015) . A total of six simulations were performed for each model, three under pulsatile conditions corresponding to inlet average velocity of 0.4, 0.5 and 0.6 m/s with a heart rate of 60 bpm, and the other three under pulsatile conditions corresponding to heart rates of 60, 100 and 150 bpm with an averaged velocity of 0.5 m/s. The numerical simulation parameters for all aneurysm models are listed in Table 1 
Computational fluid dynamic modeling
Blood flow was assumed to be an incompressible Newtonian fluid. The governing equations for the fluid are unsteady and incompressible three-dimensional Navier-Stokes equations. All simulations were carried out with the commercial software ANSYS CFX 15.0, which utilizes a finite volume approach to discretize in space, and a high-resolution scheme for the stabilization of the convective term. Time discretization is achieved by the second-order backward Euler scheme. The convergence criteria for iterative errors were set to be of 10 -4 . The simulations were done on a PC with eight CPU processors (Intel Core 2.9GHz), which took approximately 5 hours of CPU time for each cardiac cycle. All the simulations were conducted up to five cardiac cycles when the flows were confirmed to reach a stable stage with a clear periodic feature and the computed results of the last cycle were used for further analysis. Mesh-dependence was studied together with the time increment effect to confirm high spatial and temporal resolutions in predicting WSS fluctuations in cerebral aneurysms. Three time increments of 0.1 ms, 0.5 ms, and 1.0 ms were taken for comparison and the results with the time step of 0.5 ms and 0.1 ms agreed reasonably each other, capable of capturing high-frequency WSS fluctuations around 100Hz based on the PSD-based analysis. Furthermore, the grid refinement was investigated with a minimum mesh size of 0.005 mm, 0.015 mm, and 0.01 mm, and together with the time increment refinement. A mesh system with a minimum element size of 0.015 mm and a time step = 0.5 ms was confirmed to be capable to provide sufficiently high resolution of the WSS fluctuations in the present cerebral aneurysms models and were substantially employed in all the simulations.
Decomposition of inflow waveforms and power spectral density
Fourier analysis is proved to be a valid technique for investigation of the oscillatory components in the cardiovascular and respiratory systems (Attinger et al., 1966; Njemanze et al., 1991) . In order to explore the influence of harmonic frequencies on flow instability in the cerebral aneurysm, the inflow waveform was decomposed into Fourier series, such as:
( 1) where Q 0 represents the constant term, N the number of harmonics, and ω the angular frequency. The inlet flow rate waveform was represented by a dominant power located at about 1.1Hz in the frequency domain, corresponding to 66 beat/min, with several harmonic peaks over a higher frequency range from 2.2, 3.3, 4.4, 5.5, 6.6, 7.7 up to 8.8 Hz. The amplitudes for the eight harmonics are 0.44, 0.36, 0.26, 0.33, 0.17, 0.11, 0.10 and 0.04 respectively. The constant term (Q 0 =1.86 ml/s) as shown in Equation (1) represents the average flow rate. Moreover, we analyzed the power spectral density (PSD) of the WSS magnitude at several representative points inside and outside the cerebral aneurysm so as to quantify and investigate the nature of the flow instability. With respect to the real velocity fields in the cerebral aneurysm, the PSD appears to be symmetric, which may be obtained in a manner of discrete time signal, such as:
where ∆ the time step, T the time interval, N the number of samples, and x n the sample at ∆ .
Results
Flow description
Figure 2 depicts the streamline and pressure distributions for all four terminal cerebral aneurysms. For model A, the blood flow directly flows into the aneurysm from the parent vessel, leading to a large vortex inside and then splitting into the two daughter vessels (Figure 2a) . The maximum velocity drop occurred between the vertex of the parent vessel (point b) and the center of vortex (point c), followed by a recovery and then another steep drop around the vertex of the aneurysm (point d) (Figure 2c ). Corresponding with the velocity values, the major pressure drop occurred at point b, followed by a wild recovery and then a much steeper pressure drop past the aneurysm. The local pressure minimum corresponds to the location where the flow separates. The pressures inside the aneurysm are at very high level with a high-pressure island at its neck identical to some stagnation point, which leads to an adverse local pressure gradient against the flow into the aneurysm. The global pressure gradients of models C&D were much smaller than that of models A&B. Specifically, model D showed very mild velocity recovery with much lower global pressure gradient. Figure 3 illustrates the highly oscillatory feature of time-varying WSSs in time with the inflow rate of the first harmonic. The first harmonic had a dominant power located at 1.1Hz in the frequency domain with average Reynolds numbers ranged between 208 and 520 for models A-D. Three feature points were picked up at the entrance of the aneurysm (point e), and WSS divergence regions (points f, g) where the direction of WSSs were observed to have a pronounced direction variation. The time-varying WSS fluctuates significantly initially at peak systole when the flow turns to decelerate, being enhanced throughout the late systole but decaying gradually till the end of diastole. Significant WSS fluctuations were already present around 60-126Hz with the inflow rate of the first harmonic. The occurrences of flow instabilities were geometry-specific as models A-D showed pronounced fluctuations at different Reynolds numbers. The flow in models A, B and C became unstable with average Reynolds numbers of 208, 257 and 238 at the inlet, respectively. For model D, the flow instability became pronounced until the average Reynolds number increases to 520. heart rate of 60 bpm (cerebral aneurysm models A-D). Two snapshots of instantaneous streamlines (a) and pressures (b) at peak systole; centerline analysis for peak systolic (PK1, PK2, PK3) and averaged (AV1, AV2, AV3) velocities (c) and pressures (d), which show the pressure differences compared with that at inlet.
Reynolds number and Strouhal number effects on the hemodynamic factors
Our aforementioned results demonstrated remarkable temporal WSS fluctuations in the aneurysm at late systolic when flow decelerates. Here we further investigate how the inlet flow rate waveform influences the hemodynamic factors in terminal cerebral aneurysms in terms of Reynolds number effects and Strouhal number effects. There exist apparent correlations between Reynolds number and pressure variation: The pressure at peak systole (PK) and cycle-average (AV) conditions were observed to increase with increasing Reynolds numbers for all four models (Figures 2c, 2d) . Moreover it is seen that the WSS fluctuations at the feature points grow remarkably, becoming more and more evident with increasing Reynolds number. The effects of Reynolds number on the flow instability are illustrated in Figure 4 . For model A, there were no WSS fluctuations at Re < 180. The PSD at point e presents a big jump in the maximal dominant frequency up to 110Hz at Re = 260, compared with that at Re = 208, which is further elevated to 176 Hz at Re = 312. For model B, the first harmonic of the inlet flow rate waveform (n = 1) resulted in pronounced WSS fluctuations correspond to a peak frequency of 56-85Hz based on the PSD analysis.
The Strouhal number effects on the hemodynamic factors are illustrated in Figure 5 , with the streamlines, WSSs, pressure and pressure gradient distributions at different heart rates (60, 100 and 150bpm) at an averaged velocity of 0.5m/s for model A. The pressure (Figure 5c ) and pressure gradient (Figure 5d ) distributions at inlet and outlet vessels almost keep the same at different heart rates, but the local pressure gradients inside the aneurysm turn to decrease when the heart rate increases. The similar dependences of the adverse local pressure gradient on the variation of the heart rate were also observed in models B-D. It is seen that the adverse local pressure gradient becomes steeper with decreasing heart rate. Consider the fact that Reynolds number is hold constant here, which means that the lower heart rate resembles that with lower Strouhal number of the oscillatory inflow. This demonstrated that the adverse local pressure gradient is inversely proportional to the Strouhal number. 
Frequency harmonic effects on WSS fluctuations
We further investigated the frequency harmonics effects on temporal WSS fluctuations in terminal cerebral aneurysms. In order to quantify the correlations between frequency harmonics and flow fluctuations, we decomposed the flow rate waveform into Fourier series with a constant term and eight harmonics and performed a systematic study on how each single harmonic waveform contributes to flow instabilities. Figure 6 illustrates the time traces of the WSS fluctuations among different harmonic frequencies at the feature points. For models A-D, the average Reynolds numbers of the first harmonics are 208, 257, 238 and 520 respectively, corresponding to the threshold Reynolds numbers where flow instability just occurred. The Reynolds numbers of the other harmonics for models A-D are scaled according to their magnitudes. As shown in Figure 6 , different frequency harmonics apparently contribute differently to the flow instability. The first harmonic of the inlet flow rate waveform (n=1) obviously resulted in pronounced WSS fluctuations at all the feature points. In contrast, the higher harmonic frequencies extend less influence on the flow instability. The WSS fluctuations owing to the first harmonic (n=1) are dominant compared with those of the higher harmonics (n=2-8), and present at late systole during the deceleration phase. This trend was further confirmed that it is independent on the amplitude of the flow rate and keeps unchanged even with increasing the amplitude of the higher harmonics to the same magnitude of the first harmonic. The feature of the harmonic frequency-dependence on flow fluctuations was also observed in all four terminal cerebral aneurysm models. and 520 respectively. Different frequency harmonics apparently contribute differently to the flow instability: WSS fluctuations are evident during the deceleration phase at the first harmonic (n=1), but dramatically become invisible at the higher harmonics (n=2-8) at all three feature points.
Discussion
Flow instabilities may occur under certain circumstances, depending significantly on geometrical configurations and inlet flow rate waveforms. Recent study (Valen-Sendstad et al., 2013) has reported that high-frequency flow fluctuations can take place in certain terminal aneurysms, but not in sidewall aneurysms. It is also pointed out that the sidewall aneurysms may exhibit flow instabilities if the siphon is included in the geometry, pointing to the importance of the geometry-dependence of the flow instabilities (Valen-Sendstad et al., 2014) . In this study, our four terminal cerebral aneurysms showed pronounced fluctuations at different Reynolds numbers due to the different geometries. On the other hand, inlet flow rate waveforms may also lead to the flow instability associated with cerebral aneurysms. This can be studied either by investigating the mean-flow-rate-based Reynolds number effect or by changing the time-varying flow rate in terms of Strouhal number effect or harmonic frequency effect. Our computed results demonstrated that the flow instability is proportional to Reynolds number and inversely proportional to the Strouhal number. However, it is still unclear how much the low or high frequency harmonics in the inlet flow-rate waveform contribute differently to the flow instabilities. To answer this question and to unveil its mechanisms, we utilized Fourier series expansion for the inlet flow rate waveforms to quantify the frequency-harmonic effects on the flow instabilities. The results indicate that the low-frequency harmonics in the inlet flow rate waveform played a crucial role in enhancing the high-frequency WSS fluctuations than the high-frequency harmonics. The low-frequency harmonic components of Obviously, the low-frequency harmonics correspond to steeper pressure drops, which likely enhance the flow instabilities. Similar trend of pressure drops are observed for models A-D.
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Moreover, we investigated the relationship between pressure over the aneurysm and harmonics. As shown in Figure 7 , the pressure gradient shows great dependence on the variation of the harmonics: both the global and local pressure gradient decreases with higher harmonics and the first harmonic leads to the maximum global and local pressure gradient at peak systole for all terminal cerebral aneurysm models. When all harmonics were adjusted to the same magnitude of the first harmonic, very similar pressure distributions are observed here (Data not shown) as those observed in Figure 5 . The adverse local pressure gradient is inversely proportional to the harmonic-frequency due to the Strouhal number effect. As a result, the adverse local pressure gradient decreases with increasing harmonic-frequency. It is seen that the lower harmonics of the inflow waveform results in higher global and adverse local pressure gradient due to the much higher Reynolds number and lower Strouhal number compared to higher harmonics. Therefore, the lower harmonic frequency of the inlet flow rate waveform is likely to play a crucial role in inducing greater global and adverse local pressure gradient, and hence contributes primarily to the WSS fluctuations compared to the higher harmonic frequencies in terminal cerebral aneurysms. the inlet flow rate very likely induce and dominate the flow instability associated with the cerebral aneurysm, in particular during the decelerating phase at late systole, which corresponds with a steeper global and local pressure gradient. This implies that cerebral aneurysms may be of some robustness against unpredictable high-frequency perturbations in the inlet flow rate waveforms.
A conclusion reached in our previous study by Liu and Yamaguchi (2001) is that the flow and WSS fluctuations may significantly depend upon the pulsatile waveform, which is obviously correlated to the presence of an adverse pressure gradient. In this study, we also postulated that the pressure gradient might correspond with the flow instability in terminal cerebral aneurysms. Overall, two kinds of pressure gradients are observed. One is the global pressure gradient dominated by the inertial force of the flow, showing great sensitivity to the mean flow rate in terms of Reynolds number effects. The other is the adverse local pressure gradient determined by the separation of the vortices, also showing great dependence on the time-varying flow rate in terms of Strouhal number effects. The flow instability generally takes time to be fully developed at systole, but the high frequency harmonic components with shorter systolic portion may not be able to give the flow sufficient time to grow up into the chaotic structures. The adverse local pressure gradient augments or counteracts the global pressure gradient due to the acceleration or deceleration, which may play an important role in the flow instabilities of the flow (Liu and Yamaguchi, 2001) .
Both high-and low-WSS mechanisms have been proposed from different viewpoints to explain the growth and rupture of cerebral aneurysms. However, how the WSS fluctuations associated with the rupture mechanism is still little known. At micro-level of the arteries and aneurysms, the response of endothelial cells (ECs) exposed to WSS fluctuations has already been widely studied by varying the frequency, direction and gradient (Chappell et al., 1998; Davies et al., 1986; Himburg et al., 2007; Li et al., 2005) . Li et al. (2005) studied the effects of shear stresses on ECs functions and concluded that the ECs use multiple sensing mechanisms to detect changes in mechanical forces and could respond differently to laminar, disturbed, and oscillatory flows. Himburg et al. (2007) investigated the frequency-dependent response of the vascular endothelium to pulsatile shear stress and observed that the proinflammatory response evoked by the higher frequency was most pronounced under reversing and oscillatory shear. These studies in the field of cell biology support that the high-frequency WSS fluctuations and rapidly changing direction of WSS, not the magnitude of WSSs alone, could have a great important effect on the life-cycle of the aneurysm, which could help for a better understanding of the importance of the WSS fluctuations.
There are potential limitations in this CFD simulation. Firstly, the non-Newtonian effect is generally negligible in medium and large arteries in laminar flows due to its modest effect on flow patterns (Lee and Steinman, 2007; Perktold et al., 1988) . However, there are also suggestions that non-Newtonian effects may not be negligible in turbulent or turbulent-like flows (Antiga and Steinman, 2009; Khan et al., 2015) . With consideration of the moderate Reynolds numbers in the cerebral arteries with aneurysms in this study, the blood flow was assumed to be an incompressible Newtonian fluid. Another limitation is due to the rigid wall assumption, which may to some extent influence the simulation results (Tada and Tarbell, 2005; Lee et al., 2013) . The effects of wall elasticity on flow instabilities need to be carefully considered in future.
Using a CFD-based model of typical terminal cerebral aneurysms combining with Fourier series decomposition and PSD analysis on inlet flow rate waveforms, we confirmed the association between harmonic frequencies and flow instabilities: low-frequency harmonics in inlet flow rates play a crucial role in inducing WSS fluctuations in cerebral aneurysms, which is inherently correlated with the existence of a primary adverse pressure gradient at late systole. This finding implies that flow fluctuations in cerebral aneurysms may be of robustness, dependent mainly on the primary harmonic frequency of the inflow waveforms initiated by heart contraction but likely insensitive to the secondary inflow perturbations.
